Coherent transient excitation of the spin ground states in singly charged quantum dots creates optically coupled and decoupled states of the electron spin. We demonstrate selective excitation from the spin ground states to the trion state through phase sensitive control of the spin coherence via these three states, leading to partial rotations of the spin vector. This progress lays the ground work for achieving complete ultrafast spin rotations. DOI: 10.1103/PhysRevLett.99.097402 PACS numbers: 78.67.Hc, 42.50.Hz, 42.50.Md, 71.35.Pq The two spin states of an electron inside a semiconductor quantum dot (QD) can be mapped directly to the two operational states in quantum information processing. The lifetime of the spin states is on the order of milliseconds [1] [2] [3] , making the electron spin an ideal realization of a quantum bit (qubit). Electron spin rotations have already been demonstrated in surface gated dots using electrical gates [4] , but the operation time is limited to a few microseconds by the microwave control resonant with the spin states. Alternatively, ultrafast optical pulses are readily available. Manipulating the spin states with these pulses increases the gate operation speed and hence the number of operations during the spin coherence lifetime. Fast operation rates are crucial for practical quantum information processing.
The two spin states of an electron inside a semiconductor quantum dot (QD) can be mapped directly to the two operational states in quantum information processing. The lifetime of the spin states is on the order of milliseconds [1] [2] [3] , making the electron spin an ideal realization of a quantum bit (qubit). Electron spin rotations have already been demonstrated in surface gated dots using electrical gates [4] , but the operation time is limited to a few microseconds by the microwave control resonant with the spin states. Alternatively, ultrafast optical pulses are readily available. Manipulating the spin states with these pulses increases the gate operation speed and hence the number of operations during the spin coherence lifetime. Fast operation rates are crucial for practical quantum information processing.
In this Letter, we demonstrate phase sensitive partial rotations of the electron spin vector in an ensemble of singly charged QDs using picosecond pulses. Similar rotations have been performed on electrons in quantum wells [5, 6] . The rotations are achieved through optically coupling the spin ground states to the charged exciton (trion) state. The accomplishment of the partial rotations prepares the way for the demonstration of complete rotations of a single spin, which would encompass arbitrary qubit rotations.
The sample used in this study contains an ensemble of interface fluctuation GaAs=Al 0:3 Ga 0:7 As QDs (IFQD) [7] [8] [9] charged with single electrons through modulation silicon -doping. The number of electrons in each dot is determined by the doping density of the sample. In this case, the doping density is 10 10 =cm 2 , which gives an average of one electron per dot [10] . The sample is placed inside a magnetic cryostat cooled to 5 K. The magnetic field applied in the experiments is aligned in the Voigt geometry, perpendicular to the sample growth axis, z. The magnitude of the field is fixed at B 6:6 T.
The population and coherence decay times in these QDs range from 30 ps for the trion population to a T 2 of about 400 ps for the ensemble spin coherence at B 6:6 T [11] .
As a compromise between temporal and spectral resolution, 3 ps pulses are chosen for the experiments. Three pulses are used to excite, control, and measure the QD system, denoted as the pump pulse, the control pulse with tunable delay ( c ) and pulse area ( c ), and the temporally scanning probe pulse. The pump and probe pulses are each modulated at 1 MHz and 1.05 MHz, respectively, while the control pulse is unmodulated. The nonlinear optical signal in differential transmission (DT) is homodyne-detected along the probe path at the difference frequency of 50 kHz. The energy structure of the singly charged QD at B 0 T can be described by two degenerate two-level systems, each consisting of one spin ground state and one trion excited state, as shown in Fig. 1 , defined by the hole spin. The electron spins do not contribute to the total angular momentum of the trion due to the antipairing. The allowed optical transitions are then restricted to 4m 1 for polarized excitations. This angular momentum restriction inhibits optical coupling between the two spin states.
Indirect optical coupling between the spin states is enabled by applying a magnetic field in the Voigt geometry, which produces two new eigenstates of the electron spin, jxi jzi jzÿi= 2 p parallel or antiparallel tox, the magnetic field direction [ Fig. 1(b) ]. The in-plane electron g factor in this sample is 0.13 [9, 12] , and thus the Zeeman splitting is approximately 50 eV at 6.6 T.
In contrast, the highly suppressed mixing of the light and heavy hole states at even 6.6 T by the strong spin orbital coupling in this particular sample leads to a negligibly small in-plane hole g factor [9] . This causes the hole spins to be pinned along the z axis. Consequently, the trion states remain unaffected by the magnetic field. The spin ground states are now optically coupled through the trion states by either or ÿ polarized optical pulses. Since the two systems are essentially equivalent, without loss of generality, we concentrate on the polarized system highlighted in Fig. 1(b) .
In the presence of the pulses, stimulated Raman transitions are driven through the trion state jti. The pulses have a bandwidth of 400 eV , which couple both spin states, jxi, to jti simultaneously and equally. The equations of motion in the field interaction representation are then
where the C's are the probability amplitudes of the different states and is the optical field. Two optically coupled and decoupled states, jzi jxi jxÿi= 2 p , are formed for the polarization chosen. The jzÿi state has no dependence, indicating that it is completely decoupled from the optical field. Conversely, jzi is fully coupled to the optical excitation. Spin initialization and polarization control are achieved utilizing this state pair. Decay terms are not included in the equations as long as the pulse duration is short compared to the trion and spin decay times. For evolution of the system after the pulses, trion decay is important, as discussed later.
At a temperature of 5 K, the thermal excitation energy is 430 eV, which is an order of magnitude larger than the electron Zeeman splitting energy, . This results in a completely mixed state of the electron spin, which also means equal population in both spin ground states and zero spin coherence in any basis. This completely mixed spin subspace is inoperable using only unitary transformations within this two-level system.
The initialization of the spin out of the completely mixed state is accomplished with a single pump pulse. A probe pulse reads out the result. The pump pulse transfers population from state jzi to the trion jti state, leaving a net population difference of magnitude in the optically decoupled state jzÿi. This population difference in the spin subspace signifies a net spin polarization in the ÿz direction. The net spin polarization precesses at the Larmor frequency, ! L @ , around the magnetic field in the z-y plane, corresponding to population cycling through the jzi states. The beat signal in Fig. 1(c) traces the projected magnitude of the spin polarization alongz, the optical readout axis. The peaks and troughs of the beats represent net spin polarization pointing along the ÿz (spin population in the jzÿi state) andz (spin population in the jzi state) directions, respectively.
The density matrix z in the z basis after initialization and trion decay can be written as a sum of the coherent and incoherent components in the absence of spin relaxation.
where the delay time is measured from a peak of the Larmor oscillations. The incoherent part of the density matrix inc describes the equal distribution of the uninitialized spin population 1 ÿ between the jzi states. The coherent part coh describes the time evolution of the initialized spin population . The initialized spin polarization with unit @=2 in Cartesian coordinates is then given by
representing the precession of the spin vector around the x axis on the z-y plane. We note here that at 6.6 T, the contribution from spontaneously generated coherence (SGC) [11] is negligible in the initialization process. The maximum initialized population is 0.5 via a pulse excitation to the trion. A more detailed discussion of the initialization process has been reported theoretically [13] and experimentally [12] using multiple pump pulses. The ensemble spin coherence time of about 400 ps at 6.6 T is limited by the inhomogeneous broadening of the electron g factor and the spectral diffusion process.
The initialized spin polarization described by coh can now be controlled through an optical pulse. Arbitrary rotations of the spin are achieved through selective excitations at different positions on the z-y plane during the precession of the net spin polarization. By controlling this excitation, we can control both the relative population and phase between the jzi components in the pure state. If the optical field performs a coherent Rabi rotation on jzi via the trion and back with a net phase change, , a general spin state, j i, will have the phase change in its jzi component without affecting its jzÿi component, i.e.,
PRL 99, 097402 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending 31 AUGUST 2007
097402-2 its spin vector rotates about the z axis. The general spin state for the initialized and properly controlled spin polarization has the form
where is the net phase between states jzi induced by the control pulse. For ! L 2 and 2 , the spin state j i is proportional to jxi along the x axis. Similarly, a zero or value of puts the spin state in jyi along the y axis. If the optical Rabi rotation is , bringing state jzi to the trion state, followed by the trion decaying equally to the jxi states thus annihilating a portion of the spin coherence, then the net result is a rotation together with a reduction of the magnitude of the spin vector. This is a partial rotation.
We first consider using a pulse area c control pulse delayed at different c from the pump pulse to rotate the initialized spin polarization at different times during the Larmor precession. When the control pulse arrives at c z ! L , the entire initialized spin population is in state jzi as shown in Fig. 2(a) . The pulse excites all of from jzi to the trion state jti. After the decay of jti, the system returns to the completely mixed state, as the excited population redistributes equally and incoherently between the two spin ground states. As a result, the quantum beats are annihilated and the simulated signal exhibits a flat line following the control pulse at c z as shown in Fig. 2(d) .
By moving the control pulse to c 0
, where the optical signal or the z component of the spin polarization is zero as shown in Fig. 2(b) , the spin polarization is along ÿỹ, and states jzi have equal populations. The oscillation amplitude is decreased by half after the control pulse as expected in Fig. 2(e) because half of is being ''protected'' in state jzÿi and is not destroyed by the decay and redistribution process.
Finally, when the spin polarization is along ÿz at c ÿz
! L
, all of is preserved in the optically decoupled state jzÿi as illustrated in Fig. 2(c) . The quantum beats are unaffected by the control pulse and continue to oscillate uninterrupted as pictured in Fig. 2(f) .
Overall then, as this delay c of the control optical pulse is scanned, the beat amplitude, which is also the magnitude of the spin polarization jS c j from Eq. (3) after the control pulse, follows an oscillatory behavior
This discussion has treated the optical excitations and precession dynamics in the magnetic field separately. The assumption is valid since the temporal pulse width (3 ps) is much shorter than the oscillation period of the quantum beats (85 ps). Therefore, we can approximate the excitation to the trion state as instantaneous so that precession around the magnetic field during the optical pulse duration is negligible.
Experimentally, we need to consider the effect of the control on the uninitialized population in addition to the initialized population. In the two-frequency modulation spectroscopy used in the experiments, the DT signal detected at the difference modulation frequency is equivalent to the signal taken with the pump pulse on minus pump pulse off. When the pump beam is off, the c control pulse produces quantum beats with an amplitude of jS off j 1 2 from the completely mixed spin states, regardless of the control delay c . However, when the pump pulse is turned on, the position of the control delay c becomes significant. The beat amplitude after both the pump and control pulses consists of two terms, where the first is a c dependent controlled term, jS coh c j, due to both the pump and control pulses as described in Eq. (5), and the second term is a noncontrolled term, jS inc j 1ÿ 2 , due to the redistributed uninitialized spin population. The final amplitude of the normalized quantum beat signal detected after the control pulse, determined by the function I on-off for pump pulse on minus off, is the sum of the controlled (jS coh c j) and noncontrolled terms (jS inc j) minus jS off j, Fig. 2(d) shows vanishing quantum beats after c , while the quantum beat signal corresponding to c z in Fig. 3(a) persists due to the nonzero I on-off . Numerical simulations in Fig. 3(b) take into account the experimental parameters, such as the pulse width, beam modulations, and decoherence times of the system. The theoretical results are in excellent agreement with the experiment.
We note that unlike the work in Ref. [12] , where the observed signal is a result of the quantum interference between two independently initialized spin coherences induced by the pump and control pulses, the behavior described here is due to the subsequent rotation by the control pulse of the actual pump-induced spin coherence. In terms of optical pulses as transformation matrices for the state vector of the quantum system, the former is a sum of two matrices while the latter is a product.
To completely control the rotations of the electron spin in the spin subspace without populating the trion, we need to use a c 2 pulse to control the relative phase between states jzi in addition to the populations. This phase control performs a complete Rabi rotation of state jzi. As a result, the population in jzi is unaffected by the 2 pulse, but the state gains an overall phase depending on the detuning of the pulse from the trion state [14] . For example, the overall phase gained for an on resonance 2 control pulse is . At c 0 , the spin state is rotated from jyÿi to jyi, representing a spin flip. Similarly, 2 rotates the spin state from jyÿi to jxi. The magnetically induced Larmor precession aboutx and optically induced rotation aboutz are sufficient for creating any arbitrary spin state. For an all-optical ultrafast spin rotation scheme, optically induced rotation aroundx [15] can replace the Larmor precession.
Our data shows a partial rotation. The reason for the limitation in IFQDs, namely, the difficulty in completing a trion Rabi rotation, is not fully understood, especially in light of the fact that Rabi oscillations in neutral IFQDs have been observed [16] . However, the demonstration of Rabi oscillations of trions in self-assembled QDs [3] shows that the result in this experiment should be readily applicable in those structures.
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